The performance of many silicon devices is limited by electronic recombination losses at the crystalline silicon ͑c-Si͒ surface. A proper surface passivation scheme is needed to allow minimizing these losses. The surface passivation properties of amorphous hydrogenated silicon ͑a-Si:H͒ on monocrystalline Si wafers are investigated here. We introduce a simple model for the description of the surface recombination mechanism based on recombination through amphoteric defects, i.e. dangling bonds, already established for bulk a-Si:H. In this model, the injection-dependent recombination at the a-Si:H/c-Si interface is governed by the density and the average state of charge of the amphoteric recombination centers. We show that with our surface recombination model, we can discriminate between the respective contribution of the two main mechanisms leading to improved surface passivation, which is achieved by ͑a͒ the minimization of the density of recombination centers and ͑b͒ the strong reduction of the density of one carrier type near the interface by field effect. We can thereafter reproduce the behaviors experimentally observed for the dependence of the surface recombination on the injection level on different wafers, i.e., of both p and n doping type as well as intrinsic. Finally, we are able to exploit the good surface passivation properties of our a-Si:H layers by fabricating flat heterojunction solar cells with open-circuit voltages exceeding 700 mV.
I. INTRODUCTION
Increasing the efficiency of crystalline silicon ͑c-Si͒ solar cells requires the reduction of both bulk and interface recombination. Even if bulk recombination is almost suppressed, the symmetry of the crystal lattice is disturbed at the surface and hence, due in particular to nonsaturated bonds ͑dangling bonds͒, a large density of defects exists. Thus, in this case, the free-carrier lifetimes are no longer limited by the quality of the bulk c-Si, but by its surface. To keep the recombination losses at the c-Si surface at minimal levels, the surface must be electronically well passivated. This is accomplished by ͑a͒ minimizing the recombination center density and/or ͑b͒ reducing strongly the density of one carrier type near the interface, as achieved by field effect. After the historical development of the metal-oxide-semicondutor field-effect transistor, which was only made possible thanks to the highquality thick passivation layer ͑SiO 2 ͒, metal-insulatorsemiconductor photovoltaic devices using very thin silicon dioxide 1 ͑SiO 2 ͒ and silicon nitride 2 ͑SiN x ͒ passivation layers were introduced. The microscopic nature of the interface defects responsible for surface recombination has long since been identified as dangling bonds, 3, 4 where recombinationspecific properties are determined by the overlying passivating material. Nowadays, on state of the art, high performance devices, the standard c-Si surface passivation scheme uses thermal SiO 2 yielding outstanding characteristics.
5 For less demanding applications or if long-term stability is an important issue, industrial passivation schemes use SiN x . However, SiN x layers have been observed to posses permanent positive charges, 6 and this property limits their application domain. An alternative to these two major passivation processes is to use low temperature grown ͑typically 200°C͒ hydrogenated amorphous silicon ͑a-Si:H͒.
7 In the case of photovoltaic applications, the passivation of both c-Si wafer surfaces ͑i.e., the emitter and the rear surface͒ is of crucial importance for good performances. 8 The current major application of the a-Si:H passivation scheme on c-Si for photovoltaic applications consists of a double-layer stack composed of an intrinsic plus a doped a-Si:H layer. Such devices are called heterojunction silicon solar cells. The application of this concept ͑to the emitter as well as to the rear͒ allowed for mass fabrication of excellent c-Si based solar cells by Sanyo.
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So far, no satisfying simple model allows a proper description of the passivation properties on a wide range of wafer doping ͑p, n, and intrinsic͒. The purpose of this paper is to introduce a simple model for the measured injectiondependent excess carrier density at the a-Si:H/c-Si interface based on a recombination mechanism via amphoteric defects, i.e., Si dangling bonds. Modeling is compared to experimental data for validation and, finally, the performances of this passivation scheme are exploited in heterojunction devices. For a complete validation of our model, thickness series of intrinsic and microdoped a-Si:H layers, as well as stacked double layers of intrinsic plus doped a-Si:H layers, are grown on c-Si wafers of both p and n doping type as well as on intrinsic c-Si. Overall, the various measured injection dependencies of a-Si:H/c-Si interface recombination can be fairly well reproduced by our model. More precisely, by modeling the data, we are able to quantify the two main model parameters:
͑a͒ the dangling bond density, whose increase leads to increased recombination; ͑b͒ the charge density at the interface, related to the magnitude of the field effect passivation.
The limits of validity of our simplified model are pinpointed on selected samples, where some discrepancies between measured data and fits are observed.
Finally, the most direct way to validate the quality of the a-Si:H passivation scheme is to complete heterojunction silicon solar cell devices: Their open-circuit voltage ͑V OC ͒ is Published in Physical Review B 76, issue 035326, 1-14, 2007 which should be used for any reference to this work ultimately limited by the a-Si:H/c-Si interface recombination rate. By understanding and optimizing passivation properties of a-Si:H on c-Si, we are thus able to demonstrate high V OC 's in completed solar cells.
II. DANGLING BOND INTERFACE RECOMBINATION MODEL
In this work, we extend the model previously established ͑but not widely spread͒ for bulk a-Si:H recombination 10,11 to the description of the surface recombination through dangling bonds. For a better understanding of our approach, the relevant underlying hypotheses and properties of this recombination model are summarized below. Although the recombination-specific parameters of the bulk dangling bonds, i.e., the capture cross sections may be different from the surface dangling bond capture cross sections, we find here that the values of the four capture cross sections considered in our model are similar for surface and for bulk dangling bonds. A plausible explanation of this observation stands from the fact that the defects at the a-Si:H/c-Si interface have the same intrinsic properties as they have in bulk a-Si:H too.
A. Bulk a-Si:H recombination model
For an analytical resolution of the injection dependence of the recombination rate, one needs a closed-form expression of the recombination rate R͑cm −3 s −1 ͒. Shockley, Read, and Hall ͑SRH͒ have basically considered one discrete recombination center in the gap, having two charge conditions. Simmons and Taylor extended this SRH formalism to the case of a continuous distribution of states within the gap, 12 as in disordered semiconductors. They have concluded that, as long as the capture cross sections of the continuous distribution of electronic states do not vary as a function of their energy level and as long as one can neglect the thermal reemission from them, the general form for R is almost the same as for one discrete recombination center level. However, in order to discriminate between the two roles that electronic states within the gap can play, that is, they can act as trapping or as recombination centers, Simmons and Taylor introduced the notion of demarcation levels. The position of these demarcation levels is defined by the equal probability of thermal emission and free carrier capture of an electronic state and depends on the generation rate G ͑see Fig. 1 for visualization͒. Electronic states lying inbetween the two demarcation levels act as recombination centers with negligible reemission probability compared to the capture probabilities. Electronic states lying inbetween demarcation level and band edge act as trap with non-negligible thermal reemission probability. The quasi-Fermi-level concept is used in the description of nonequilibrium free excess carrier distribution when the Fermi-Dirac occupation function can no longer be used to describe the probability of occupation of electronic states.
In bulk a-Si:H, monomolecular recombination via dangling bond ͑DB͒ states is the dominant mechanism for recombination at room temperature and under low to medium illumination levels. 13 DB states have three different charge conditions, i.e., their occupation by zero, one, or two electrons leads to three different charge states of the Si 3 sites. They can be ͑1͒ either positively charged when not occupied by electrons ͑D + ͒ ͑trivalent bonded Si atom, Si 3 + ͒, ͑2͒ or neutral when occupied by one electron ͑D 0 ͒ ͑triva-lent bonded Si atom with a singly occupied bond, Si 3 0 ͒, ͑3͒ or negatively charged when occupied by two electrons ͑D − ͒ ͑trivalent bonded Si atom with two electrons on the dangling bond, Si 3 − ͒. In this case, the energy level is shifted by an amount U.
The correlation energy U is the energy required to place a second electron in the same Si 3 orbital, and thus the energy difference between the transition levels D + / D 0 and D 0 / D − . Hubin et al. 11 found, under the conditions of a medium illumination level, a closed-form expression for R where only the total density of dangling bonds ͑N DB ͒ appears; that is, we do not need to know the shape of the continuous distribution of DB states. Figure 1 shows the typical one-electron representation of the distribution of recombination centers in a-Si:H. In the recombination model, only transitions of free carriers to the localized dangling bond states are considered. Direct recombination between free carriers ͑band to band͒ and transitions between localized states are neglected. The demarcation levels, denoted E tn for electrons and E tp for holes, are the quasiFermi-level for traps, which means that states in the energy interval ͓E tn , E tp ͔ act as recombination centers and, therefore, not as traps. By definition, thermal emission processes from such recombination centers can be neglected if the generation rate G is high enough.
12 Recombination in band tails can be neglected until G becomes high enough to push the demarcation levels very near the respective bands. This leads to the microscopic picture shown in Fig. 2 0 Ͻ r n + , more DBs are in the neutral than in the positively charged state, and if additionally r n 0 Ͻ r p − , DBs in the negatively charged state are rare as well. If on the contrary, r p 0 ӷ r n + and r n 0 ӷ r p − , most DBs are either in one or the other charge state and the resulting microscopic picture is more SRH like. However, in the microscopic picture of SRH, there is only one recombination path through a recombination level having two charge conditions, i.e., neutral or negative.
Three hypotheses have to be made to find the closed-form expression for R:
͑1͒ The steady-state condition is fulfilled independently at each energy level.
͑2͒ The illumination level is high enough so that the demarcation levels for electrons ͑E tn ͒ and holes ͑E tp ͒ lie outside the distribution of DB states ͑see Fig. 1͒ . ͑3͒ The capture cross sections of the DB states are independent of the energy level.
Under these three hypotheses, the calculation of R can be reduced to the case of a discrete recombination level with three charge conditions. 11 The resulting recombination rate can be written in terms of capture cross sections as
where N DB is the total density of dangling bonds, v th is the thermal velocity, n f and p f are the densities of free electrons and holes, respectively, n 0 and p 0 are the capture cross sections of the neutral states, and n + and p − are the capture cross sections of the charged states. For n f Ϸ p f , the larger the ratio ± / 0 , the most of DBs are in the neutral state, and the more the difference between R DB and R SRH is pronounced: When the two conditions n + / p 0 ӷ p f / n f and p − / n 0 ӷ n f / p f are fulfilled simultaneously, the expression for R DB reduces to
which means that the recombination rate is limited by the larger free-carrier density which is opposite to the SRH case.
From now on this range will be called the "DB i domain." Conversely, for the SRH expression, the recombination is limited by the lowest free-carrier density:
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For extrinsic, sufficiently doped a-Si:H, one type of charged dangling bonds is dominant ͑e.g., in n-type doped a-Si:H, most DBs are negatively charged͒, and finally, Eq. ͑1͒ reduces to a SRH-like rate, and consequently, a similar microscopic picture as for SRH recombination is reached. Taking, e.g., n-type material, where n f ӷ p f , the expressions for R are similar:
͑1͒ By DB recombination, Eq. ͑1͒ with n f / p f ӷ p − / n 0 reduces to R DB = p f p − v th N DB i.e., recombination occurs through path 2 in Fig. 2 ͑as r p 0 Ͻ r n + and r n 0 Ͻ r p − ; if n f ӷ p f , then r n 0 ӷ r p 0 and recombination path 1 disappears͒. ͑2͒ By SRH recombination, Eq. ͑3͒ with n f / p f ӷ p / n reduces to R SRH = p f p v th N t . Therefore, this range of recombination will be called the "SRH domain."
In Fig. 3 , R DB is plotted as a function of n f and p f ͓see Eq. ͑1͔͒. The ratios of the capture cross sections are set to the values given in Sec. IV B, which allow the best fit of the experimental data with our model: The ratio of neutral electron to hole capture cross section n 0 / p 0 is set to 1 / 20, and the ratio of charged to neutral capture cross section is set to n + / n 0 = p − / p 0 = 500. One can note the following general trends in Fig. 3 : R DB reaches a maximum value for n f = p f . However, if one aims at minimizing R in undoped material ͑i.e., in material where n f Ϸ p f ͒, one sees from Fig. 3 that there is a local minimum at high R DB ͑dark gray surface͒, occurring in a range of n f / p f determined by the value of n 0 / p 0 . The absolute minimum value of R DB can be reached when n f p f ӷ 1 or Ӷ1, i.e., by field effect, where by strongly reducing the density of one carrier type we reach the same microscopic picture as for extrinsic, doped a-Si:H and, thus, as for SRH recombination ͑white surface͒. In the experiments ͑described in Sec. IV B͒ used in this work for the characterization of the passivating properties of various amorphous silicon layers, the ratio n f / p f varies with time. At first ͑high-injection level͒, n f 
2.
FIG. 2. Successive capture events leading to electron-hole recombination through D 0 , i.e., when most recombination centers are in the neutral state. Two paths coexist ͑denoted by 1 and 2͒. Thermal emission processes are neglected. n f and p f are the free-carrier densities; D + , D 0 , and D − are the positively, neutral, and negatively charged conditions of the dangling bonds; and r p 0 , r n + , r n 0 , and r p − are the corresponding capture rates.
